Nowadays modern commercial simulation software provides acceptably faithful representation of reality, assuming the correctness of boundary conditions and reliability of data of processed composite material. In the case of non-standard plastics which include polyimide, we do not always have access to the target material and we do not have proper equipment to produce such products. Due to very interesting properties of the polyimide and its low popularity in use as an injection moulding material, the analysis of injection moulding of tooth plastic gear made from carbon fiber-polyimide composite was made. In this work the chosen material data, necessary for the numerical analysis, were presented. The impact analysis of main factors controlling the volumetric shrinkage during injection moulding processing was conducted. It was found that the greatest impact on the quality criterion is the melt temperature. To optimize control factors, the Taguchi orthogonal plans were used. In addition, the issue of polyimide properties, the possibility of its injection moulding and applications was discussed.
Introduction
Polyimides are polymers which are created by condensation polymerization of pyromellitic anhydrides and primary diamines. The presence of cyclic groups along the polymer chain ( fig. 1 ) results in good specific properties [9] . These compounds contain group -CO-NR-CO as a part of a ring along the polymer chain, which results in high temperature parameters. Use in the synthesis of pol-yimides aromatic diamine provides exceptional thermal stability. As an example, di-(4-amino-phenyl) ether could be used to produce Kapton -polyimide manufactured by DuPoint [6] . These materials that have very good physical properties are used in terms in which parts are exposed to aggressive environments. They have excellent high temperature properties and oxidative stability which allows them to withstand continuous operation in air at 260 o C [1] . These materials are combustible, but have affinity for self-extinguishing. They are resistant to weak acids and organic solvents. They also have good electrical properties and are resistant to ionizing radiation. They are further characterized by high tensile strength and modulus, excellent abrasion resistance, resistance to creeping and long-term heat resistance in air or in an inert atmosphere. A disadvantage of polyimide is its ability to hydrolyze. Exposure to water or water vapor above 100 o C may cause cracking of products made from this polymer [2] . A study where after 1000 hours of exposure in air at 300 o C, these polymers retain 90% of its tensile strength was conducted. Moreover, after 1500 h exposure to radiation of the value of about 10 rad and the temperature of 175 o C form stability was preserved but it became brittle. The first commercial application of polyimide was the use of it as an enamel wire, then as a coating of glass fiber (Pyre ML, Du Pont) and a film (Kapton, Du Pont). Composite laminates produced by impregnating glass fiber and carbon fiber with a polyimide were pressed and cured at a temperature of about 200 o C and then were cured at temperatures up to 350 o C. Such laminates can be occasionally used continuously at temperatures up to 250 o C and 400 o C in the application. The laminates have found use in the aerospace industry, in particular in the production of supersonic aircraft. On the other hand, polyimide foam (Skybond Monsanto) has been used for damping the sound of jet engines. Moreover, fibers from a polyimide by Upjohn and Rhone-Poulenc (KERMEL) were produced [4, 6] .
Initially, the main problem of above materials was a narrow range of applications due to the fact, that they could not be formed by standard techniques for thermoplastics. In an attempt to overcome this limitation, in the early 1970s scientists have developed modified polyimides that were more susceptible to processing than common polyimides, but still have significant heat resistance. An important compound group of such modified polyimides are polyamide (eg. Torlon synthesized by Amoco Chemicals), polybismaleinimides (eg. Kinel manufactured by Rhone-Poulenc), polyesters imides (e.g. Icdal Ti40 Dynamit Nobel), polyether (e.g., Ultem produced by General Electric). For example Torlon is designed to use ironing pressure and injection moulding. In the case of pressing the pressure-molded compound was heated to 280 o C then formed at the 340 o C at a pressure of 30 MPa. Next to 260 o C before the end of the process it was cooled. For injection moulding, plasticized Torlon was injected at about 355 o C into a mold maintained at a temperature of 230 o C. Products from this material are used to produce: pumps, valves, refrigeration components and electronic components. Typical properties of unfilled polyimide were compared in table 1 [4, 10, 17] . 
Thermoplastic polyimide with carbon fiber
Polyimide -carbon fiber composites, for example Aurum JCL 3030, is a material designed for injection moulding process. This composite has high mechanical (Tab. 2) and thermal properties (Tab. 3), which allows to use it in many industries such as automotive, machine, aerospace, electronics. This material has good dimensional stability, radiation resistance, resistance to fluids and industrial solvents, low thermal expansion coefficient, creep resistance and low flammability, low wear rate, low surface friction over a wide range of temperatures in dry and lubricating conditions. The components produced from composite polyimide-carbon fiber are excellent substitutes for metals, ceramics, and other plastics. Products with high strength may be manufactured in form of: thrust washers and o-rings oil for automotive gear and off road vehicles, thermal insulators, parts of jet engines, check ball valves, fittings spline, heat-resistant gears, blades, wear strips and valve seats. Other applications include: elements for hard drives and aluminum silicon wafers, plain bearings and handles [7, 13, 14, 17] .
The simulation of injection moulding process
Plastic gear wheels are products in which technological problems still occur. Due to the considerable thickness of the walls and their frequent variation, it is difficult to get the proper dimensional accuracy [3, 12] . The main factor which determining for obtaining a correct dimension is shrinkage of the part. Keeping of this value in the required range depends on many factors such as: mold temperature, melt temperature, injection time. Substitution of any of these parameters results in a change in the shrinkage processing, thus changing the geometric dimensions of the part. To determine the required parameters of the injection molding process a lot of experimental tests should be made. In the case of nonstandard plastic we do not always have access to target material and we do not have proper equipment to form such product. These restrictions may be replaced by numerical simulations. Numerical analysis can give interesting results, data and often give a solid foundation to start experimental research. There are many economic and technical aspects, which incline to use software, such as CAE. The technical factors include: possibility of process accuracy increasing, antici-pated problems and their solutions at design stage, the choice of suitable raw materials and optimize process parameters. It is also worth mentioning economic aspects, which include a material saving, while reducing a number of prototype versions and preparation time [5] .
Due to the very interesting properties of the polyimide and its low popularity in use as an injection molding material, numerical analysis of gear injection molding process of polyimide-carbon fiber composite was made. The steps of simulation included: the geometrical model preparing, model discretization using 3D finite elements (FE) of tetra type, setting of initial and boundary conditions, numerical analysis and simulation results interpretation. The geometrical model of the gear was designed in the NX8 ( fig.2a) . Computer simulations were performed using Autodesk Moldflow Insight 2013. The analyzed material with the trade name AURUM JCL3030 -polyimide filled with 30% carbon fiber was used. The numerical model of the gear consisted of over 320 000 FE ( fig. 2b ). 
PVT and rheological characteristics of polyimide-carbon fiber composites
One of the major stages of the simulation test is to define the data describing properties of the processed materials. In the case of polymer composite these data include thermal, rheological, optical, mechanical and processing properties for both polymer matrix and fiber filler.
To carry out the simulation it is necessary to adopt rheological equation of polymer state, which defines the relationship between the viscosity of the polymer, and shear rate. Among the well-known mathematical models the 7-parameter rheological Cross-WLF model was used, which provides a relatively accurate mathematical description of rheological properties of the polymer. In this model the viscosity of the polymer is determined by Cross equation [11, 15, 16] where: η -viscosity of melt polymer, T -temperature, p -pressure, n and * t -constant parameters of the model, ηo -the zero shear viscosity.
The zero shear viscosity is calculated from the equations by Williams-LandelFerry (WLF):
wherein: Figure 3 shows the viscosity curve used in the numerical analysis. To determine the composite volumetric shrinkage it is necessary to know the p-V-T characteristics. In numerical calculations the Tait equation was used, which shows the specific volume change as a function of temperature and pressure. The Tait model is given by equations [8, 9, 15] :
where:
-specific volume at a given temperature and pressure, T -temperature, p -pressure, C -constant (C = 0.0894), B -pressure sensitivity of the material, defined below: when T>Tt):
where: b1m, b2m, b3m, b4m, b5 -data-fitted coefficients (describes the volumetric transition temperature, at zero gauge pressure) when T<Tt: , b2S, b3S, b4S, b5, b6, b7, b8 , b9 -data-fitted coefficients. Figure 4 shows the relationship between specific volume and temperature under different pressures. Viscosity curves and p-v-T graph were assumed by Autodesk Moldflow material database, based on experimental data. As quality criteria, the volumetric shrinkage at ejection was selected. The optimization analysis was made through the design of the experiment, implemented in the program. Based on calculations, the impact of the main factors controlling the value of shrinkage was estimated. It was found that the melt temperature has the greatest impact on the quality criterion ( fig. 5 ). Several important computer calculations have been conducted, which allowed to obtain optimal injection parameters: the melt temperature -400 o C, mold temperature -
The manufacturing issues of technical products made of polyimide… 109 220 o C, injection time 0.8 s, holding pressure of 90% of the injection pressure and holding time 12 s. The lowest shrinkage value was received using these parameters. The range of optimum processing parameters vs. control parameters were illustrated by means of response surface method RSM (figs. 6-8). The analysis of numerical simulation results were focused on the basic process parameters, i.e. filling certainty of the mold cavity, fiber orientation and weld lines. Analyzing the composite flow it was found that the mold cavity was filled efficiently. Weld lines in the plastic gear molded piece are formed predominantly due to connection of the jet forming stream according to the complex structure of the part. In these places the decreasing of composite strength takes place. Weld lines created in the gear molded piece are shown in figure 9a. The most likely occurrence places of weld lines are in the vicinity of assembly holes. In the calculations of fiber orientation the Tucker -Folgar model was applied. It was used a numerical procedure that allows to calculate the coefficient of the interaction of the fibers and the polymer matrix. Elastic properties of composites reinforced with short fibers were calculated on the base of micromechanical Halpin-Tsai model. Elastic properties of the polymer matrix and fiber content and their shape factor were included. The unidirectional composite reinforcement was assumed. To determine the coefficients of thermal expansion: for both longitudinal and transverse direction, the Rosen-Hashine model was selected. Disorders of fibers orientation were undoubtedly associated with the change of molded piece geometry and polymer flow path ( fig. 9b ).
Conclusions
The results of the analysis of numerical simulations indicate that the specialized computer programs allow to predict phenomena in specific technological processes. Modern simulation commercial codes provide acceptably faithful representation of reality, assuming the correctness of initial and boundary conditions and the reliability of material data. In the case of non-standard plastic, as in the case of polyimide, we do not always have access to the target material and we do not have proper equipment to enable the manufacturing of such product. Due to the very interesting properties of the polyimide and its low popularity in use as an injection molding material, an analysis of injection molding process of the gear made from this composite was made. In this work the chosen material data necessary for numerical analysis were presented. The impact analysis of the main factors controlling the value on volumetric shrinkage during the injection mouldings was conducted. It was found that the greatest impact on the quality criterion was the melt temperature. Injection parameters were optimized using orthogonal Taguchi plans. It was also found that the processing parameters of the polyimide determine to use of non-standard machines and equipment for processing by injection moulding technology.
